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1.0 IINTRODUCTION

For the Arnold Engineering Development Center (AEDC) to successfully accomplish its
mission as the Center of Expertise (COE) for space environmental simulation, a technology
effort was structured to provide the required enabling technologies. This project has been
formulated to concentrate on the major technical problems in the space environment simulation
area, and it focused on contamination and cryovacuum materials.

The contamination effort is of major importance because the proper simulation of the
space environment in a ground test chamber requires 2 complete characterization and control
of facility-, chamber-, and test-article-generated contaminants. Future space-based systems
will have cooled optical and detection systems that can be degraded or rendered inoperative
by contaminant deposition. Contamination of thermal control surfaces and solar cell arrays
can also result in a satellite thermal imbalance and a loss of solar cell efficiency. The design
on-orbit lifetimes of future systems will impose extremely stringent contamination budgets.
To test such systems or components in AEDC test chambers and maintain a reasonable
simulation of the test environment will require control and monitoring of contamination that
is three orders of magnitude better than present AEDC capability. Routine facility and chamber
contamination monitoring devices should be developed to provide online determination of
when, where, what, how much, and why contamination occurs. All optical surfaces within
the test chamber should be carefully monitored for contamination levels before, during, and
after testing. Computational capability is required for prediction of contamination sources,
transport mechanisms, and flux levels to sensitive surfaces or volumes. All materials introduced
into the chambers should be controlled and/or screened for minimum outgassing, thermal
diffusion, and optical effects.

To meet these testing requirements, the objectives of this project included the development
of laboratory diagnostics support, online diagnostic instrumentation, and a computational
analysis capability and materials database.

2.0 LABORATORY DIAGNOSTICS

Laboratory diagnostics are required to provide a complete characterization of materials
to be used in the space chambers, and to identify unknown contaminants detected during
testing. Design, fabrication, and operation of a new research chamber and procurement of
diagnostic instrumentation was completed to meet these requirements.
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2.1 DESCRIPTION OF OUTGASSING CHAMBER
2.1.1 Mechanical Configuration

The present outgassing chamber {(OGC) is shown schematically in a side view in Fig. 1
and in & plan view in Fig. 2. The basic test chamber is 17.5-in. (44.45-cm) ID with an inside
height of 6.5 in. (16.51 ¢m). Eight 2-in. (5.08-cm)-diam access ports are equally spaced around
the cylinder circumference. The OGC is evacuated using a 400-#/sec turbomolecular pump.
The OGC and pump are connected through an isolation valve and an LN,-cooled trap just
above the pump. An LN>-cooled liner has been placed in front of the inside lateral wall area
of the OGC to help pump any condensable species, as well as to provide a cold background
for quartz crystal microbalances (QCM). Without any intentionally introduced outgassing,
the chamber pressure can be maintained at approximately 1 x 10-¢and 1 x 10-7 torr
without and with LN, cooling, respectively. The pressure in the OGC is monitored with a
Bayard-Alpert-type ion gage.

2.1.2 Effusion Cell

An effusion cell (Fig. 3) is used to introduce contaminating substances into the OGC.
The effusion cell maintains a candidate material at a specified temperature and has an orifice
that allows the emitted vapor to impinge on a test surface. The effusion cell is fitted with
a solenoid-operated shutter that blocks the exit orifice and stops the flow of contaminating
species when it is energized. This shutter permits periodic interruption of the contaminant
flow without having to shut off the effusion ¢ell heat. It also provides for a smooth startup
of data acquisition by permitting the effusion cell to come to operating temperature before
exposing surfaces or diagnostic instrumentation to the contaminant flux. The shutter assembly
can be removed from the effusion cell if desired. Heat to the effusion cell is provided by
two band-type resistance heaters, and the set temperature is maintained by a temperature
controller using a type-T thermocouple as the sensing element. The effusion cell orifice plate
is replaceable and allows different orifice geometries to be used. The presently installed plate
has a 1.5-in.-diam orifice.

2.2 DIAGNOSTICS
2.2.1 Quartz Crystal Microbalance

The primary instrument for measurement of mass deposition and rate deposition is
presently the quartz crystal microbalance (QCM). This device (Fig. 4) consists of a quartz

crystal, an electronic oscillator, and data processing electronics. The piezoelectric effect of
the quartz crystal is used to stabilize the resonance frequency of the oscillator. The term
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Diezoelectric refers to the generation of an electromotive force between the faces of a crystal
when pressure is applied. Conversely, application of voltage to the crystal faces produces
a corresponding mechanical distortion. An alternating voltage applied to the crystal produces
mechanical vibrations of the quartz, and the vibrations are particularly strong at the resonant
frequency. From an electronic viewpoint, the crystal assembly appears as a sharply resonant
circuit capable of stabilizing the frequency of oscillations. This resonance frequency, depending
on the angle of the crystal cut, is a function of the mass deposited on the crystal surface
and the crystal temperature. To minimize the influence of temperature, a doublet crystal
is cut and arranged (See Fig. 5) 50 that two independent crystal oscillators are obtained. One
of the elements is exposed to the mass flux to be measured, whereas the other (the reference
oscillator) is shielded from any flux. Both crystals are constrained to the same temperature
environment; therefore, the beat frequency is dependent (in principle) only on mass deposition.

The OGC is equipped with two QCMs, both Mark 9 models manufactured by QCM
Research, operating in thickness shear mode. One QCM is designed to operate near room
temperature (298 K), and the other is designed to operate near 77 K. The room-temperature
QCM has its crystals cut at 35 deg 18 min (relative to the mother crystal Z axis). The low-
temperature QCM has its crystals cut at 39 deg 40 min. As shown by Wallace (Ref. 1), these
cuts provide minimum frequency dependence near the operating temperature. However, both
QCM:s can be operated over the full temperature range. The crystal operating frequency is
10 MHz, and the beat frequency is in the kHz range. These QCMs are arranged so that they
are adjacent to each other and facing in the same direction (See Fig. 3).

For crystals operating in thickness shear mode, the dependence of frequency shift (Af)
on mass addition per unit area (Am/a) is given (Ref. 1) as

Af
Am/sa

= —2.26 x 10% Hz/gm/cm? | 1)

Although an actual decrease in frequency with mass addition is shown in Eq. (1), the QCM
clectronics are adjusted to produce an increasing beat frequency with increasing mass
deposition.

In terms of deposit thickness h, and mass density g, the frequency change can be expressed
as

Af = 2.26 X 108 gh, Hz @)

where h is thickness in cm, and g is density in gm/cm?. If the material covering the crystal
is. known well enough to assume a density, the thickness of the deposit can be determined.
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2.2.2 Mass Spectrometer

The primary OGC instrument for species identification is a DYCOR® Model M200
quadrupole mass spectrometer (QMS). The QMS is housed in a separate plumbing system
that can be isolated from the chamber by a high-vacuum valve (See Fig. 1). Copper gaskets
are used for all the QMS system joints, which permits bakeout of the system to speed system
attainment of maximum cleanliness. If so desired, the copper gasket on the QMS side of
the isolation valve can be replaced with a copper disc with a pinhole to restrict the amount
of outgassing material that can enter the QMS, The QMS housing has an independent 40-£/sec
turbomolecular pump that permits continued operation of the QMS when it is isolated from
the chamber. The QMS also has its own Bayard-Alpert ion gage to monilor pressure.

The mass range of the QMS is 1 to 200 amu, and all instrument functions may be controlled
through a microcomputer via RS-232 interface or from the front panel. Data can be displayed
in bar graph, analog, or tabular format on a high-resolution 12-in, screen, and detection
is accomplished by electron multiplier or Faraday cup. The maximum sensitivity of the QMS
is approximately 10—14 torr. The major advantage of the present system is its ability to
subtract from the OGC mass spectra the signal associated with the QMS itself. The major
disadvantages are the limited mass number range that prevents detection/identification of
high mass number hydrocarbons and isomeric species, and the slow scan speed (2.5 min is
required to scan 200 amu to distinguish peaks with a signal-to-noise ratio of two). This slow
scan speed makes monitoring of transient events difficult.

2.2.3 Gas Chromatography/Mass Specirometry

Gas chromatography (GC) is an essential part of the Lockheed standardized test method
(Ref. 2) for characterizing outgassing materials. GC is used in an ex-situ (relative to the OGC)
role to obtain information on the number, identity, and relative concentration of species
outgassing from a given material. A technique is used called gas chromatography/mass
spectrometry (GC/MS). This technique uses a mass spectrometer as a detector, and a capillary
column along with a helium carrier gas and split injection is used in the GC. The GC identifies
outgassing species by correlation with their elution time through the capillary column. When
a species is detected, the mass spectrometer obtains mass fragmentation pattern data for that
particular species. The fragmentation pattern data can then be correlated with the mass
spectrometer data obtained during sample isothermal outgassing and thermogravimetric
analysis in the OGC, GC/MS is also extremely valuable for analyzing wipe or witness plate
contaminant samples.

A Tracor® Model 800 GC/MS is available for analysis of externally injected solvent-borne
samples. This instrument is also equipped with a pyrolizer attachment to allow solid samples

10
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to be injected and heated for analysis. Included as a convenience with this instrument is a
library of fragmentation patterns of many compounds that can be searched for any matches
(or near matches) of the sample pattern. This feature can help speed up the sample
identification process (See Section 4.2).

2.2.4 Microscope

The ability to characterize an optical detection instrument’s response to particulate
contamination requires that the amount of particulate matter present on the detection surface
be known. The best standard of comparison to use for this characterization is to actually
count the number of particles of a particular size on the surface. Accurate counting requires
sufficient resolution to detect the smallest particle to be included in the count.

The system used to count particles is a 700X Bausch and Lomb® optical microscope
equipped with a zoom lens feature and a color TV camera that permits display of its field
of view on a color TV monitor. This system allows particles as small as 1 um to be routinely
counted.

2.2.5 Balance

Researchers must know the amount of mass in a particular material sample when they
are attempting to establish the total mass loss (TML) characteristic of that material. TML
for materials will be discussed further in Section 2.3.1.4.2. The scale available to measure
sample mass is a Fisher Scientific Model XA-200DS with a resolution of 10 xg for samples
of 30 gm or less and 100 ug for samples between 30 and 200 gm. On the low range, the change
in a gram sample can be determined to within +0.001 percent.

2.2.6 Humidity Chamber

Measurement of the outgassing properties of a material uses time as the scale along which
changes are recorded; so comparison of the properties of different materials requires that
they must have the same starting point. The most variable starting properties of a sample
are moisture content and temperature. Preconditioning of these two properties can only be
accomplished in an environment where they can be independently controlled.

Pretest conditioning of samples is accomplished using a BLUE M Model VP-100AT-1

humidity chamber. This chamber can furnish environments with temperatures from ambient
to 77°C and relative humidities from 20 to 98 percent.

11
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2.3 MATERIALS SCREENING/SPECIES IDENTIFICATION
2.3.1 OGC Measurements

The properties of materials listed in Table 1 were measured in the OGC. Sample percent
total mass loss, sample outgassing rate, and mass spectra of the outgassing products were
measured.

2.3.1.1 Chamber Preparation

The OGC vacuum chamber, the mass spectrometer sampling system, and the sample
heating effusion cell were all conditioned before a test Lo minimize the amount of background
contamination present. All these components were evacuated to a pressure of about 103
torr for several hours before a test was to begin. The effusion cell was heated to about 130°C
(5°C above the test temperature of 125°C) while under vacuum. The mass spectrometer system
was also heated while it was evacuated to speed the clean-up process.

The mass spectrometer was used as an indication of the entire system’s cleanliness level.
The mass spectrometer was monitored periodically, and the pumping and heating were
continued until it indicated that the system contaminant background levels would not interfere
with sample measurements.

2.3.1.2 Sample Preparation

The sample material was contained in an open aluminum vessel or boat for these tests.
The boat was a convenient way to confine the sample material and insert it into the effusion
cell for heating. Any sample normally used as a film, such as Epoxy® adhesive, was applied
to aluminum strips that were placed in the boat for the test. The boat and any strips that
were used were first placed in a vacuum oven and baked at about 130°C for at Jeast 4 hr,
After the boat and strips were vacuum baked, they were weighed on the lab balance.

Sample material was in many forms. Solid samples were cut into pieces to expose as much
surface area as possible. Soft samples were placed directly in the aluminum boat, As stated
before, samples such as paint and adhesives were applied to aluminum strips before being
placed in the boat. Any material that required curing was cured for 24 hr.

After a sample boat was prepared, it was placed in the humidity chamber and conditioned
there at a relative humidity of 50 percent and a dry bulb temperature of 30°C for a minimum
of 24 hr. When the humidity conditioning was completed, the sample was weighed on the
tab balance. This was done just before the sample was placed in the effusion cell for testing.

12
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2.3.1.3 Experimental Procedure

The evaluation of a sample material was begun after chamber preparations.and sample
preparations were completed. Pumping of the chamber was discontinued, and the chamber
was returned to atmospheric pressure by admitting dry nitrogen gas. (Dry gas was used to
minimize adsorption of water vapor by the chamber walls.) The chamber was opened, and
the sample boat was placed in the effusion cell. The chamber was immediately closed and
pumping resumed.

When the chamber pressure reached 10-4 torr, liquid nitrogen cooling of the cryoliner
was started. Liquid nitrogen cooling of the QCM was started after the cryoliner temperature
had stabilized at its lowest value. (The actual temperature was determined by the laboratory
liquid nitrogen supply conditions and was usually 85 K.)

Power to the effusion cell heater was started after the temperature of the QCM stabilized.
The power controller was set at 125°C, and it maintained this temperature after a warmup
period of approximately 30 min, The e¢ffusion cell temperature was maintained at 125°C +1°C
for a test period of 24 hr.

Chamber pressure had to reach 1-3 torr before the mass spectrometer isolation valve
could be opened. When this point was reached, the mass spectrometer was opened to the
chamber, and samples of the chamber environment were pumped through its ionization source.
Mass spectra were obtained at each stage of the operation of the chamber and at intervals
throughout the heating of the sample material.

The QCM was kept cold to collect the condensable, incident mass flux as long as the
mass rate was greater than 10-10 gm/cm2-sec. When the condensation rate had slowed to
below that level, the liquid nitrogen cooling was removed from the QCM, and it was allowed
to warm up. As the QCM warmed, the condensed material re-evaporated at the temperatures
associated with the vapor pressures of the various species.

At the end of the 24-hr evaluation period, power was removed from the effusion cell.
The liquid nitrogen cooling of the cryoliner was discontinued, and dry nitrogen gas was flowed
through the liner to help warm it to room temperature. The chamber was then returned to
ambient pressure using dry nitrogen gas. The sample material was removed from the effusion
cell and weighed on the laboratory balance.

13
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2.3.1.4 Experiment Results

Determination of the various characteristics of the outgassing products described in the
following sections was accomplished for each material tested. The material described in these
sections was DeSoto® paint and serves as a typical example to illustrate the results.

2.3.1.4.1 QCM Results

A continuous record of the amount of total mass condensed on or evaporated from the
cold QCM crystal was furnished by the changing output frequency of the QCM. Figure 6
shows a typical condensation phase obtained from the paint sample. The time scale starts
with power-up of the effusion cell heater.

The total deposited mass does not always show rate of change clearly; therefore, the QCM
also furnishes the rate at which mass is deposited. The rate at which the mass of Fig. 6 was
deposited is shown in Fig. 7. Figures 6 and 7 show that most of the outgassing occurred
within the first 200 min, and that after 400 min, very little material was accumulated.

The rate is again the most sensitive indicator of mass change when the QCM cooling is
halted. At a constant chamber pressure, the QCM crystal temperature determines the point
at which each species is evaporated from the surface, according to its vapor pressure. Figure
8 shows the mass release rate record of the same paint sample shown in the previous figures.
The average pressure in the chamber during evaporation was about 1-6 torr; but as the
release of materials occurred, the pressure increased until the release ended and the pump
recovered. This fluctuation in pressure tends to widen the temperature window where the
release occurs because a rise in pressure causes the temperature at which evaporation takes
place to rise also. The species associated with the evaporation peaks shown in the figure have
not been identified; however, the first peak at 172 K is most likely water vapor, even though
the temperature appears to be about 10 K too great for the chamber pressure.

The mass deposited on the room-temperature QCM is shown in Fig. 9. The condensation
trend was the same here as for the cold QCM, but the amount of mass was about an order-
of-magnitude less. When the effusion cell power was turned off, the mass on the room-
temperature QCM slowly evaporated until it eventually returned to its pretest condition.

2.3.1.4.2 Determination of Percent Total Mass Loss
The percent total mass loss (TML) of a material is a measure of how detrimental the

outgassing from the material could be in a vacuum environment when the material is heated.
One technique for determining TML is to weigh the sample before the 24-hr measurement
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period is begun, then again after the measurement period is completed, and then calculate
the percentage lost during the period. Evaluating a material at the particular conditions to
which it would be subjected in a specific application would give better absolute values for
TML for that application. However, the relative TML values for different materials can be
compared by measurements at a common set of conditions as was done here. The TML for
the paint sample used in this example test, determined by weighing, was 2.27 percent.

Another technique for determining TML has been developed by Lockheed (Ref. 2). This
technique involves using the QCM mass accumulation rate along with a mode! that relates
the amount of material collected on the QCM to the amount of material given off by the
sample. The model includes the effect of the effusion cell orifice on the flow through it and
accounts for the spatial distribution of flux at the location of the QCM. When all of the
factors for the present test setup are evaluated, the equation

1
m, = (362.03) ——mg G)

relates the mass loss rate by the sample, my, to the mass gain rate of the QCM, m;, where
C. is the condensation coefficient. The TML is defined as the percentage loss of the material
over a 24-hr period. The pretest sample mass was 1.29475 gm, and the average mass
accumulation rate over the evaluation was 8.58 x 1010 gm/sec; therefore,

T™ML = 2.07/C, )

If a condensation coeffictent of 1 is assumed, then TML = 2.07 percent, which compares
favorably with that obtained by weighing.

2.3.1.4.3 Mass Spectra of Outgassing Products

One way to help identify an unknown contaminant in a vacuum chamber is to obtain
a mass spectrum of the chamber environment. This spectrum can then be compared to spectra
on file for known materials with the hope that a match can be found.

Mass spectra of the outgassing products were obtained at various times during the 24-hr
measurement period for each material so that they could be put on file. Mass spectra scans
were repeated two or three times at each sampling time so that they could be averaged to
try to improve the signal-to-noise ratio. Also, two or more scans of the chamber background
contamination before sample insertion were made and averaged to establish a chamber-only
spectrum. The difference of the sample spectrum and the background spectrum was then
formed to obtain a spectrum of the sample alone. A typical mass spectrum formed in this
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manner s shown in Fig. 10. This spectrum is now available as a comparison for future
unknown spectra.

3.0 TEST CHAMBER DIAGNOSTICS
3.1 NEEDS FOR ONLINE DIAGNOSTICS

Contamination can shorten the operational lifetime and reduce the capability of spacecraft.
Surveillance satellites such as the Space Surveillance and Tracking System (SSTS) will have
large, cooled optical and detector systems that can become degraded or inoperative because
of contaminant deposition. The SSTS serves as a good example of the stringent contamination
requirements for future spacecraft. The design, on-orbit lifetime of SSTS is 10 yr. In Ref.
3, a worst-case, on-orbit analysis (assuming CO, as a contaminant) has shown that if a
10-percent performance degradation can be tolerated for the main sensor optical/detector
system, then a maximum molecular contamination of only 3.3 x 1016 molecules/cm?2 (~
58 monolayers or 2.4 yg/cm?) can be allowed. Assuming that a 10-percent performance
degradation could be tolerated during a fairly typical 8-week ground testing period, the
tolerable contamination deposition rate would be 6.8 x 10% molecules/cm?2-sec, ~0.2 A /hr,
~0.5 pgm/cm2-sec. Therefore, to monitor the contamination environment of AEDC space
simulation chambers, extremely sensitive devices are required. However, detection sensitivity
is only part of the need for ground-based testing. If any steps are to be taken during a test
to stop or limit contamination and if any analytical measures are to be taken to compensate
for contamination, then identification of contaminating species must also be accomplished.
At present, AEDC has three principal contamination diagnostic systems: the quartz crystal
microbalance (QCM), the quadrupole mass spectrometer (QMS), and the attenuated total
reflectance (ATR) plate. Unfortunately, these devices are severely limited in their ability to
meet future sensitivity/specificity requirements.

3.2 LIMITATIONS OF QCM, QMS, AND ATR TECHNIQUES

At present, the primary AEDC instrument for detection of contamination is the QCM.
Details of operating principles were discussed in Section 2.2.1. The short-term (measurement
time =60 sec) sensitivity is greater than 7 x 10-!! gm/cm?2-sec, and the long-term
{measurement time ~ 24 hr) sensitivity is greater than § x 10-13 gm/cm2-sec. The short-
term sensitivity is not sufficient for online contamination detection in AEDC space chambers
based on the contamination budget predicted for future space surveillance systems. In addition,
the QCM has only a limited capability to identify contaminant species based on operation
of a QCM array with each at a different temperature and species differentation based on
vapor pressure versus temperature differences. This technique is limited to only low mass
number species and environments consisting of just a few species. The QCM may be operated
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in thermogravimetric mode in conjunction with a mass spectrometer to provide species
identification, but this can be done only after a test is concluded. In an effort to give a QCM
additional capability for species identification, AEDC developed the polished QCM (PQCM).
The polished crystal surface permits monitoring of diode laser interference patterns.
Measurement of the pattern intensity using two lasers and two incidence angles permits
determination of the refractive index of a surface contaminant, which permits calculation
of the contaminant film thickness. Because the QCM normally measures mass per unit area,
the film density can be calculated. If the density value lies close to the value of a particular
molecular species, then species identification is possibly obtained. However, this requires
the assumption that the contaminant is comprised of a single molecular species, and this
is not a reliable assumption.

The second most used instrument for detection and identification of contamination at
AEDC is the quadrupole mass spectrometer (QMS) in a direct sampling mode. The QMS
can indeed display mass spectral patterns that can be used for species identification, but for
high mass number hydrocarbons and isomeric species, the spectra are extremely difficult to
interpret. Furthermore, the hot filament of the QMS ionizer system produces infrared radiation
that can interfere with sensor testing, which is the type of testing most in need of contamination
measurements, Of course, the QMS can be strategically positioned behind cryoliners, but
this Limits its role to that of a resiclual gas analyzer. The QMS must sample within the chamber
region internal to cryoliners to be effective in identifying species, and multiple QMS systems
must be used to help identify sources. The latter is an expensive proposition.

Another traditionally used contamination diagnostic at AEDC is an ATR plate. A thin
plate of germanium or KRS-5 is normally used, and infrared radiation (IR} is focused onto
the plate edges typically beveled at 45 deg. The IR is transmitted through the plate by
undergoing multiple reflections before exiting at the opposite beveled edge. If a contaminant
film is on the plate, incident IR energy is absorbed at each reflection point. The absorption
occurs at wavelengths corresponding to molecular vibrational bands; therefore, measurement
of the absorption spectra provides an identification of contaminating species. Unfortunately,
there are a number of shortcomings with the ATR plate technique, and they can be classified
as interpretation or operational problems. Interpretation problems center on the complexity
of IR absorption spectra for a mixture of species and on the dependence of penetration depth
(d;) on the IR wavelength (A). Typically, d, = 0.2); therefore, if the contaminant deposit
thickness (h) equals or exceeds d, for lowest A, the IR absorption spectral signature will be
dependent on deposit thickness. Operational problems center on the present inability to obtain
a spectral scan when the sample plate is cold. Waiting until a test is over, removing the ATR
sample plate, allowing it to warm up, and then analyzing the remaining deposit provides
meaningless, untimely data. The development of an ATR apparatus was undertaken to
circumvent this operational problem. A cooled ATR plate and internal space chamber optics
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were arranged so that radiation from a Fourier transform infrared (FTIR) spectrometer could
enter the chamber, be transmitted within the ATR plate, and exit the chamber to a detector.
Although this was an excellent plan, IR leakage prevented the device from being useful in
sensor testing. As a result of these limitations, a number of new diagnostic techniques have
been investigated. Species identification techniques studied included surface-enhanced Raman
scattering, online fiber-optic ATR technique, and cryosample transfer to a laboratory chamber
for analysis. A surface acoustic wave microsensor was studied for improved mass measurement
sensitivity. Laser scattering was studied for particulate measurements.

3.3 SAMPLE TRANSFER MECHANISM (STM)
3.3.1 AEDC Concept

The requirements addressed by the AEDC STM were (1) a high-vacuum, leak-free system;
(2) liquid nitrogen cooling of the sample plate at all times; (3) portability in the sense that
a technician with the aid of a small cart could remove the sample from a test chamber and
bring it to the research laboratory and insert the sample into the OGC; (4) sample plate
temperature and STM vacuum level must be monitored at all times; and (5) the STM must
provide both linear and rotary motion of the sample plate.

The mechanism is shown in Fig. 11. The aluminum sample collection plate is screwed
into a copper heat sink that is cooled by tubes containing liquid nitrogen (LN;). The heat
sink is brazed into a tube that serves as the manual actuator, and also can be evacuated to
insulate the tubes carrying the LN; coolant. A type-T thermocouple is welded into the copper
heat sink to monitor its temperature and exits the actuator tube at the rear through a
compressed plastic fitting.

The sample-gathering actuator enters the vacuum chamber through a housing that is
equipped on one end with an isolation vacuum valve and on the other with 2 compressed
O-ring vacuum seal. This allows the sample plate to be pulled behind the isolation valve for
transport while still cold and under vacuum. The LN; coolant is furnished from a portable
dewar so that cooling of the sample plate can be maintained during transport. The pressure
in the transfer system is monitored while it is in transit by a Pirani gage. A pressure rise
alerts the operator to any compromise of the sample by leakage.

Operation of the STM is begun by connecting it to the OGC to evacuate it and to remove
contamination products. The decontamination process is monitored with the QMS, which
allows a permanent chronological record of the mass scans of the contents of the chamber
to be maintained. The monitoring mass spectrometer output furnishes a record of the transfer
system’s background contamination when the evacuation is complete.
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After evacuation is terminated, the sample plate is pulled behind the isolation gate valve
and the valve is closed. The transfer system is then detached from the OGC, the proper adaptor
section for the chamber of interest is connected, and the system is mounted on the chamber
to be examined. The chamber to which the transfer system is attached is then evacuated or,
in the case of attachment at a second isolation valve, the connecting space is evacuated, the
chamber isolation valve is opened, and the sample plate is pushed into the chamber. Liquid
nitrogen is then flowed through the sample plate cooling lines until a proper sample is collected.
After the sample has been collected, the valving and attachment procedurés are reversed to
return the transfer system to the OGC. The sample plate is then warmed by flowing dry gas
through the cooling lines to release the sample into the OGC for analysis.

Operation of the STM was modified for this demonstration experiment. Instead of moving
the entire assembly from one chamber to another to obtain a sample, the effusion cell in
the OGC was used to contaminate the sample plate. After contamination of the plate was
accomplished, it was moved behind the isolation valve, and the chamber was warmed up
and repressurized to atmospheric pressure so the contaminant material could be removed
from the chamber. The chamber was then re-evacuated, cooled, and the actuator was moved
into the chamber for analysis. This operation subjected the STM to the same conditions that
would be experienced in an actual transfer without having to move all the equipment.

3.3.2 Experimental Results
3.3.2.1 Sample Plate Contamination

The STM sample plate was placed in front of the effusion cell to collect contamination
from RTV560 heated to 125°C. The room-temperature and cold QCMs were also exposed
to the same contaminant flux so an estimate of the amount of material collected on the sample
plate could be made. A typical contamination versus time curve is shown in Fig. 12 for both
QCMs. The ordinate for both these curves is the amount of contaminant in micrograms
collected on the QCM’s crystal surface of 0.316 cm2. The abscissa is the time from start of
cooldown of the cold QCM and the chamber cryoliner. The effusion cell heating was started
at 220 min, and the final constant temperature of 124°C was reached at 255 min. The RTV560
material did not start producing appreciable contamination until the effusion cell temperature
had reached about 120°C at 240 min.

The room-temperature QCM shows a cutoff at about 12 pg, which should be well within
its measurement range. It was speculated that this early cutoff was caused by the contamination
material collecting on the QCM in a soft form, which damps the mechanical vibration in
the crystal.
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The surface area of the sample plate exposed to the contamination flux was about 15
cm?. Thus, assuming the deposition rate was the same as the cold QCM, the sample plate
collected about 60 pg/min.

3.3.2.2 QCM Mesasurements of Contaminants

A typical mass spectrum of the OGC environment while contamination of the sample
plate by RTV560 was underway is shown in Fig. 13. Several distinctive peaks can be seen
in the figure. Those at 16, 17, and 18 amu can be attributed to water in the system; that
at 28 to nitrogen; and that at 32 to oxygen. These peaks are the result of having residuals
of these gases in the chamber or a small air leak into the chamber.

When contamination of the sample plate was ended, it was stowed behind its isolation
valve, and the chamber was warmed to room temperature and opened to remove the RTVS560
sample material. The chamber was then returned to vacuum conditions and the cryoliner
was cooled again to bring the chamber back to its precontamination state. Finally, the sample
plate was reinserted into the chamber and warmed to room temperature. A mass spectrum
obtained after warmup is shown in Fig. 14. The intensity of this spectrum is less than that
shown in Fig. 13, but many of the same peaks can be scen.

The amount of time that the QMS amu sweep remains at a sampled point affects the
signal-to-noise ratio with a longer dwell time, resulting in a greater signal-to-noise ratio. There
is a penalty to pay for longer dwell times, however, and that is a longer time to sweep the
total amu range with the attendant danger that a transient might be missed. The dwell time
used for spectra shown in Fig. 13 was 120 msec. This corresponds to a noise equivalent pressure
of 2.5 x 10~ torr. The dwell time used to obtain the spectrum in Fig. 14 was 60 msec.
This value yields a noise equivalent pressure of 5.0~ 1 torr. Some of the peak heights in the
spectra presented are in this noise range; and if those that are below are ignored, it reduces
the number of peaks to consider. A threshold value of 10-'0 torr was chosen for Figs. 13
and 14,

3.3.3 STM Discussion

The mechanical and thermal operation of the STM was sufficient to allow cryogenically
collected samples to be transported to the OGC for analysis. However, for cases where only
a small amount of material is condensed on the sample plate, difficulty may be experienced
in analyzing the mass spectrometer data because of small signal problems. To improve this
situation, the coupling volume between the mass spectrometer and STM sample should be
reduced through redesign. Furthermore, a modern, high amu mass spectrometer system should
be procured for the OGC. Because the STM successfully demonstrated its sample transfer
capability, it can also be used to bring a contaminated ATR plate to the OGC for analysis.
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3.4 SURFACE ACOUSTIC WAVE (SAW) DEVICE
3.4.1 Basic SAW Theory, Description, and Advantage in Prineiple

QCMs (as well as many other piezoelectric transducers) use acoustic wave propagation
in the bulk of the piezoelectric material. Only since the early 1960s has there been much interest
in the utility of surface acoustic waves even though the existence of this type of wave was
established by Lord Rayleigh in the 19t century (Ref. 4). In the case of surface acoustic
waves (or Rayleigh waves), the wave motion is bound to a plane surface. This means that
the surface wave is accessible as it travels along. It is this accessibility that caught the attention
of physicists and electronics engineers working in communication and radar fields. This
geometrical freedom for sampling, modifying, or interacting with the surface wave permitted
a realization of a wider number of devices than possible with bulk wave devices. In addition,
the electromagnetic fields associated with the surface wave propagation on piezoelectric media
extend out beyond the surface, and this gives the possibility of electromagnetic interaction
of the waves with solids not in mechanical contact with the surface.

In the QCM, the bulk wave is a transverse wave, i.e., particle displacement is transverse
to the direction of propagation. The density and elastic constants of quartz limit the bulk
wave frequency to 10 to 15 MHz. In the case of a surface acoustic wave, the particle motion
at the surface is a retrograde elliptical path. The motion cen be decomposed into two
orthogonal components: one in the direction of propagation and the other normal to the
surface. Because the particles at the surface are less restrained than particles deep in the interior,
the SAW frequency can be orders of magnitude larger than the frequency of a bulk device.
In addition, the surface wave velocity is [ower than the bulk velocity, which means surface
wave energy can only propagate a short distance into the bulk medium.

A SAW igs normally generated (via the piezoelectric effect) by a radio frequency (RF)
voltage applied to an array of metal electrodes on the surface {See Fig. 15). This clectrode
array 8 known as an interdigital transducer (IDT), which consists of a number of pairs of
metal electrodes and separating spaces that are attached to the surface of a piezoelectric material
as shown in Fig. 15. These electrode pairs are subjected to an RF voltage that sets up a surface
acoustic wave having the same frequency as the applied voltage. A second IDT is placed
in line with the wave generating IDT to detect the surface acoustic wave. Because the SAW
exists on the solid surface, the operating frequency is determined by the repeat spacing (d)
of the IDT fingers (See Fig. 15) and the Rayleigh wave velocity (Vr) of the piezoelectric
material. The SAW wavelength () is equal to d, and the frequency is

= ld“— Hz (5)
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At present, IDTs are usually made using microphotolithographic techniques that are state-
of-the-art limited to IDT finger widths of ~ 0.25 ym. This means SAW wavelengths are
limited to ~ 1 gm. Assuming quartz for the piezoelectric material, Vg = 3.1 x 10% cm/sec,
the maximum operating frequency is nominally 3 GHz. However, most of the SAW devices
presently used operate in the 100- to 200-MHz range because of difficulty in obtaining suitable
RF amplifiers and electrical connections to permit stable operation.

When a thin film of material is placed on the surface of a SAW device, the material interacts
with both the longitudinal and vertical shear components of the Rayleigh wave. If the film
material thickness is < 1 percent A, which would normally be the case for AEDC microbalance
applications, then compressional waves will not exist (Ref. 5). Therefore, the primary
interaction is through the vertical shear component of the Ravleigh wave, and this interaction
results in changes in SAW amplitude, velocity, phase, harmonic constant, etc. SAW devices
for microbalance applications are easily configured to monitor changes in either SAW
amplitude or velocity, but the measurement of velocity perturbations offers superior precision
(Ref. 6). The configuration most commonly used is the delay line oscillator system shown
in Fig. 16. The RF power amplifier provides feedback from the output IDT to the input
IDT, which stabilizes the system at the IDT resonant frequency. The resonant frequency (or
wave velocity) of the device is shifted when the surface of the device is subjected to added
mass, and the change in frequency can be measured very accurately with digital frequency
counters. '

A relationship for the shift in frequency as a function of the mass added to the SAW
device surface was first developed by Auld (Ref. 5) and later put into a workable form by
Wohltjen (Ref. 6). This relationship is

_ _ r 4“| kl + #'
Af = (kl + kz) fzhg szZh l vﬁ N T 24 %)
term A term B

where k; and k, are constants related to the surface particle velocity components, X’ is the
Lame’ constant for material added to the surface, and p’ is the shear modulus of the material
added to the surface. From Ref. 7 it can be seen that A\'/u' varies from ~ 0.1 — oo for
a wide range of materials, and this limits the range of " + g'Y/(\' + 2p')to ~ 0.5 —
1.0. The shear modulus-dependent term B becomes negligible if 4 x'/VR? is < 0.1¢.
Assuming this to be the case, the frequency shift expression becomes

Af = (k. + k;) f2ho M
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which is very similar to the relationship for QCMs given by Eq. (1). For YX-cut quartz, k;
= —9.33 x 10-¥m?sec/kg and k3 = —4.16 x 10-¥ m? sec/kg (Ref. 6). Equation (7) can
now be written as

Af = —1.349 x 1076 {2 gh (8)
for ¢ in gm/cm? and h in cm. The QCM relation of Eq. (1} can also be rewritten as
Af = —2.26 X 10-6 f2 gh )]

First inspection of Egs. (8) and (9) might indicate that SAW and QCM devices have comparable
sensitivity. However, a nominal operating frequency for a SAW device is 100 MHz, whereas
the AEDC QCMs operate at 10 MHz. This means that the 100-MHz SAW device can be
a factor of 59.7 more sensitive than presently used QCMs,

Equation (6) demonstrates a basic difference between a SAW microbalance and a QCM.
This difference is manifested by the Term B, which shows that the vertical shear component
of the SAW interacting with the material deposit brings the elastic properties of the material
into the relation. In contrast, the QCM bulk wave has its oscillations transverse to deposit
thickness; that is, the deposit mass oscillates with the QCM crystal (strictly true only for
a solid deposit). An equivalent Term B does not appear for the QCM, at least for solid deposits.
The QCM measures the deposited mass by detecting the change in frequency induced by the
total increase in mass of the oscillator, whereas the SAW device measures deposited mass
by detecting the change in SAW frequency caused by deposited mass only.

Both SAW devices and QCMs exhibit sensitivity to temperature change. The use of ST-
cut quartz provides a nearly zero first-order temperature coefficient of delay time and wave
velocity for temperature from 50 to 0°C (Ref. B). Selection of optimum cuts for cryogenic
temperature operation has yet to be done. The same scheme of using a dual-sensor system,
one an active device and the other a reference device, mixing the signals, and reading the
difference frequency can be used to circumvent SAW device temperature sensitivity as was
done for QCMs. There is another major difference between SAW devices and QCMs in this
regard. Both SAW sensors (active and reference) can be easily formed on a single crystal.
Furthermore, this crystal can be rigidly mounted by its back side to a heat sink, because
the SAW device uses only a surface wave. Therefore, both SAW sensors are more likely to
be at the same temperature than the crystals of a QCM.

Tt is appropriate at this point to review the advantages that a SAW microbalance has,
in principle, over a QCM.
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1. The SAW device can offer up to ~ 5.4 X 10* more sensitivity if 3-GHz operation
can be achieved.

2. The SAW device can offer better temperature stability because both active and
reference sensors can be on a single crystal.

3. SAW devices can be made extremely small (10—4 cm2, Ref, 6). which means little
interference with the measurement environment.

4. SAW devices need only be polished on the active surface, which reduces costs
and provides for rugged mounting of the device via the back (or nonactive) surface.

5. Items 3 and 4 acting together will permit multiple SAW devices to be used in an
AEDC space chamber, which will permit adequate mapping of directionally
dependent contamination flux.

3.4.2 Review of Naval Research Laboratory (NRL) Work with SAW Devices

Wohltjen and coworkers at the NRL have pioneered the development of SAW devices
for vapor sensing applications (Refs. 6, 9, and 10). In Ref. 6 Wohltjen demonstrated that
various films of such substances as poly {methyl methacrylate), cis-poly (isoprene), and poly
(cthylene maleate) could be deposited on a SAW delay line oscillator surface and that the
frequency shift behavior followed the prediction of Eq. (8). In Ref. 9 Wohltjen et al.
demonstrated the dual delay line oscillator concept for increased temperature stability. In
Ref. 10, Wohltjen and associates showed that the elastomeric polymers of Ref. 6 could be
used for detecting organic vapors. As the vapors of interest diffused into the polymer coatings
and were either chemisorbed or physisorbed, the mass of the coating increased, and the
frequency of the SAW device was observed to change. Organic vapors of low ppm
concentration in dry air were successfully detected and ppb detection limits were deemed
possible (Ref. 10). Wohltjen (Ref. 10) has also studied the time response of his SAW devices
when they are exposed to organic vapors in an air carrier stream. For a 31-MHz SAW device,
the response time was ~ 10 sec. A Fickian vapor diffusion into the coating would have a
diffusion time related to the square of the thickness, and, as operating frequency increases,
the thickness needed to produce the same frequency shift (when mass loaded) decreases with
the square of the frequency. Therefore, going from a 31-MHz SAW device to a 112-MHz
SAW device, the response time would be expected to be ~ 6 sec, whereas it was measured
to be ~ 10 sec. Wohltjen has speculated that his simple diffusion model must be modified
to account for other processes responsible for the response time behavior.
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3.4.3 Review of Sandia National Laboratory (SNL)} Work with SAW Devices

In contrast to the NRL work, Martin and colleagues (Refs. 11, 12, and 13) have pursued
development of a SAW vapor sensor by making the SAW sensor itself porous rather than
coating a solid SAW device with a porous, elastomer film. In the SNL approach, a SAW
sensor was fabricated with ZnO (which is porous and piezoelectric) on a silicon substrate
(See Fig. 17). The IDTs and reflector arrays were defined by microphotolithography. Similar
to the NRL work, the SAW device was used as the frequency control element of an oscillator
circuit and operated at 109 MHz.

ZnO was chosen because it gave the SAW device sorptive properties related to its porous,
polycrystalline nature. The surface dipole nature of ZnQ gives enhanced adsorption of polar
molecules, and the porous nature of the coating allows vapors to penetrate into the interior
of th